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Magnetic moments in an ultra-thin Pt film on a ferrimagnetic insulator Y3Fe5O12 (YIG) have
been investigated at high magnetic fields and low temperatures by means of X-ray magnetic circular
dichroism (XMCD). We observed an XMCD signal due to the magnetic moments in a Pt film at the
Pt L3- and L2-edges. By means of the element-specific magnetometry, we found that the XMCD
signal at the Pt L3-edge gradually increases with increasing the magnetic field even when the field
is much greater than the saturation field of YIG. Importantly, the observed XMCD intensity was
found to be much greater than the intensity expected from the Pauli paramagnetism of Pt when the
Pt film is attached to YIG. These results imply the emergence of induced paramagnetic moments
in Pt on YIG and explain the characteristics of the unconventional Hall effect in Pt/YIG systems.
PACS numbers: 75.70.-i, 75.47.-m, 85.75.-d
I. INTRODUCTION
Paramagnetic-metal/ferromagnetic-insulator het-
erostructures provide a unique platform to explore
spin-current phenomena such as spin pumping [1, 2],
spin-transfer torque [1–8], and spin Seebeck effect [9–13].
In this structure, itinerant electrons in the paramagnet
and magnons in the ferromagnet interact with each
other via the interfacial spin-exchange interaction [14].
One of the most widely-used heterostructures for study-
ing spin-current phenomena is a Pt/Y3Fe5O12 (YIG)
junction system. Pt is a paramagnetic metal exhibiting
high spin-charge conversion efficiency due to its strong
spin-orbit interaction [15–19]. YIG is a ferrimagnetic
insulator with a high Curie temperature (∼ 560 K)
[20, 21] and extremely high resistivity [22]. Therefore,
this structure enables pure detection of spin-current
phenomena free from conduction-electrons’ contribution
in YIG.
In Pt/YIG junction systems, an unconventional mag-
netic fieldH dependence of Hall effects has been observed
[23–28]. Although Pt films on non-magnetic substrates
such as SiO2 and Y3Al5O12 (YAG) show a conventional
H-linear response due to the normal Hall effect, the mea-
sured Hall effect in Pt/YIG systems exhibits two anoma-
lous behaviors: (i) in a low-H range (H . 2 kOe), the
H dependence of the Hall voltage looks reflecting the
magnetization process of YIG and (ii) in a high-H range
much greater than the saturation field of YIG (∼ 2 kOe),
the magnitude of the Hall voltage nonlinearly increases
with increasing H . The behavior (ii) becomes prominent
at low temperatures especially below 100 K. Since both
the behaviors (i) and (ii) become more outstanding with
decreasing the Pt thickness, these unconventional Hall
effects should be related to interface effects at Pt/YIG.
To explain the unconventional Hall effects, several sce-
narios have been proposed. As a possible origin of the be-
havior (i), Chen et al. [29] and Zhang et al. [30] indepen-
dently suggested a role of nonequilibrium spin currents
combined with interfacial spin-mixing effects. On the
other hand, Huang et al. [23, 31, 32] and Guo et al. [33]
pointed out a role of static Pt ferromagnetism induced by
magnetic proximity effects at the Pt/YIG interface. The
latter scenario is based on the fact that Pt is near the
Stoner ferromagnetic instability [34–36], and thereby it
might be magnetized due to static proximity effects near
the interface, as reported in various Pt/ferromagnetic-
metal junction systems [37–40]. A possible mechanism
for the behavior (ii) was discussed by Shimizu et al. [24]
and Lin et al. [41] in terms of independent paramagnetic
moments in Pt, which cause skew scatterings for itiner-
ant electrons in Pt [41–47]. However, there is no direct
evidence for the existence of such paramagnetic moments
in Pt on YIG.
To study magnetic properties of Pt films on YIG, X-
ray magnetic circular dichroism (XMCD) [48–52] mea-
surements have been conducted at Pt L3- and L2-edges.
Gepra¨gs et al. [53, 54] tried to detect magnetic prox-
imity effects at Pt/YIG interfaces by means of XMCD
measurements, but did not observe any XMCD signals
in Pt(1.6 − 10 nm)/YIG-film samples at room tempera-
2ture within the margin of experimental error (< 0.003±
0.001 µB). In contrast, Lu et al. [32] reported a finite
XMCD signal in a Pt(1.5 nm)/YIG-film sample at 300
K and 20 K, at which total magnetic moment values per
Pt atom were estimated to be 0.054 µB and 0.076 µB,
respectively. These results indicate that magnetic prop-
erties of Pt on YIG are sensitive to the qualities of the Pt
film and Pt/YIG interface. However, since all the previ-
ous studies focused only on the behavior (i), the XMCD
measurements were performed only in the low field range
(H < 6 kOe) [32, 53, 54]. In the present study, we mea-
sured XMCD in a Pt film on a YIG substrate at high
magnetic fields and low temperatures. We observed a
clear XMCD signal at the Pt L3- and L2-edges and found
that the signal suggests induced paramagnetic moments
in Pt, providing an important clue to understand the un-
conventional Hall effect in the Pt/YIG systems.
II. SAMPLE PREPARATION,
CHARACTERIZATION, AND EXPERIMENTAL
SETUP
To perform XMCD measurements, we prepared a junc-
tion system comprising a Pt film and a YIG substrate.
The nominal thickness of the Pt film is 0.5 nm, thin-
ner than that used for the previous XMCD studies
[32, 53, 54], because the unconventional Hall effect is
enhanced with decreasing the Pt thickness [32]. We
used a single-crystalline YIG substrate grown by a flux
method, commercially available from Ferrisphere Inc.,
USA, and cut it into a rectangular shape with the size of
8 × 8 × 1 mm3. As shown in Fig. 1(a), the magnitude
of the magnetization M for the YIG at the temperature
T = 5.5 K increases with increasing the magnetic field
H from zero and saturates at around H = 2 kOe, where
the saturation M value was observed to be ∼ 5 µB, con-
sistent with a literature value [13, 20]. Before putting a
Pt film, the 8× 8 mm2 surface [(111) surface] of the YIG
slab was mechanically polished with sand papers and alu-
mina slurry; the resultant surface roughness of the YIG
slab is Ra ∼ 0.2 nm, as shown in an atomic force mi-
croscope (AFM) image in Fig. 1(b). The YIG slab was
cleaned with acetone and methanol in an ultrasonic bath
and, then, cleaned with so-called Piranha etch solution
(a mixture of H2SO4 and H2O2 at a ratio of 1:1) [26, 55].
The Piranha etch solution may remove organic matter
attached to the YIG surface [55] and hence does not af-
fect the surface roughness and morphology of the YIG,
which were confirmed by our AFM measurements. We
deposited a Pt film on the YIG surface by rf magnetron
sputtering with an rf power density of 0.88 W/cm
2
in
an Ar atmosphere of 4.8 mTorr at room temperature,
which results in a deposition rate of 0.028 nm/sec. The
Pt/YIG interface and the morphology of the Pt film were
evaluated by means of transmission electron microscopy
-40 -20 0 20 40
-5
0
5
-4 -2 0 2 4
-5
0
5
T = 5.5 K
M
 (
μ
B
/Y
3
F
e
5
O
1
2
)
H (kOe)
Low H
(a) M-H curve for YIG (b) AFM image of YIG surface
(nm) 0
0.2
0.4
0.6
0.8
1.0
0.2
0.4
0.6
0.8
2
0
(μm)
(μm)
H
M
YIG
Pt
(c) Cross-sectional TEM image of Pt/YIG sample
50 nm
5 nm
YIG
Pt
FIG. 1: (a) M -H curve for the YIG slab when the magnetic
field H was applied along the [111] direction. The inset to
(a) shows the magnified view of the M -H curve in the low-H
range (|H | < 5 kOe). The M -H curve was measured with a
vibrating sample magnetometer. (b) An AFM image of the
polished (111) surface of the YIG slab before the Piranha
treatment, where the surface roughness is Ra ∼ 0.2 nm. Sim-
ilar AFM image and roughness value were confirmed also for
the YIG surface with the Piranha treatment. (c) A cross-
sectional TEM image of the Pt/YIG sample. The inset shows
a blowup of the Pt/YIG interface.
(TEM). As shown in Fig. 1(c), we confirmed a flat YIG
surface and also a clear Pt/YIG interface. Due to its
island-growth nature [39], the Pt film was found to con-
sist of discontinuous clusters with a typical thickness of
∼ 2 nm, which may reduce an interface-to-volume ratio
compared to ideal flat films and may make proximity-
induced Pt magnetic moment densities be cluster-size
dependent. Nevertheless, the observed clear contact be-
tween the Pt and YIG allows us to evaluate the char-
acteristic of the magnetic proximity effect in the present
system at high magnetic fields and low temperatures. We
also prepared a control sample comprising a (nominally)
0.5-nm-thick Pt film on a non-magnetic YAG (111) sub-
strate with the size of 8× 8× 0.5 mm3. The Pt films on
the YIG and YAG substrates were deposited at the same
time in our sputtering chamber.
Figure 2 shows the experimental setup for the XMCD
measurements. The XMCD experiments were performed
at the beam line BL39XU of SPring-8 synchrotron radi-
ation facility using the fluorescence detection mode [38].
X-ray absorption spectra (XAS) were recorded at the Pt
L3-edge (2p3/2 → 5d valence, 11570 eV) and Pt L2-edge
(2p1/2 → 5d valence, 13282 eV) with circularly-polarized
X-rays while reversing their helicity at 1 Hz. Here, by
measuring the XAS for the two circular polarizations al-
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FIG. 2: A schematic illustration of the experimental setup for
the XMCD measurements. A magnetic field, H, parallel or
antiparallel to the incoming X-ray beam, was applied to the
Pt/YIG or Pt/YAG sample at an angle of 10◦ to the normal
direction n of the sample surface.
most at the same time, we can exclude time-dependent
artifacts. The circularly-polarized X-rays with a high de-
gree of polarization (≧ 95 %) were generated by using a
diamond X-ray phase retarder. The Pt Lα (for the Pt
L3-edge) and Lβ (for the Pt L2-edge) fluorescences were
measured with a silicon drift detector. In order to per-
form XMCD measurements in the configuration similar
to the set-up for the Hall measurements, an out-of-plane
magnetic field, H, was applied to the samples using a
split-type superconducting magnet, where the angle be-
tween H and the direction normal to the sample surface
n was set to be 10◦. The direction of the angular mo-
mentum vector of the incident X-ray beam was parallel
or antiparallel to the H direction. The XMCD signal
was obtained by taking a difference of the XAS recorded
with the opposite helicities at H = 50 kOe. The mea-
surements of element-specific magnetization curves were
performed at the constant energy of E = 11568 eV (the
XMCD peak position for the Pt L3-edge) with sweeping
the H value between ± 50 kOe. The temperature was
fixed at T = 5.5 K in all the measurements.
III. RESULTS AND DISCUSSION
Figure 3(a) shows the XAS for the Pt L3- and L2-
edges of the Pt/YIG and Pt/YAG samples, where the
XAS edge jump is normalized to 1 (2.22−1) for the L3-
edge (L2-edge) [35, 56]. The whiteline intensity, the ra-
tio of the absorption maximum at the L3-edge to the
edge jump, is estimated to be 1.35 for the Pt/YIG sam-
ple. This value is consistent with that for the Pt(1.6 −
10 nm)/YIG systems reported in Refs. 53 and 54, indi-
cating a mainly metallic state of our Pt films (note that
the whiteline intensity was reported to be 1.25 − 1.30,
1.50, and 2.20 for metallic Pt foil, PtO1.36, and PtO1.6,
respectively [54]). The quality of our Pt films was also
confirmed by the clear oscillation in the extended X-ray
absorption fine structure (EXAFS), marked with trian-
gles in Fig. 3(a), which is identical with metallic Pt [54].
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FIG. 3: (a) The normalized XAS for the Pt L3- and L2-
edges of the Pt/YIG and Pt/YAG samples at T = 5.5 K and
H = 50 kOe. The XAS edge jump, defined as the difference in
the XAS intensity between 11540 eV (13255 eV) and 11610 eV
(13325 eV), is normalized to 1 (2.22−1) for the L3-edge (L2-
edge) according to Refs. 35 and 56. The XAS offset value
for the L3-edge (L2-edge) of the Pt/YIG sample is set to
be 0 (1) [39, 52–54, 56]. Similarly, the XAS offset value for
the L3-edge (L2-edge) of the Pt/YAG sample is set to be
0 (1) and then, for clarity, is shifted along the vertical axis
by a constant value of 0.75 (0.75). The triangles indicate
the oscillation structures in the EXAFS region. The peak
structure marked with an asterisk in the XAS at 11607 eV for
the Pt/YAG sample appears due to elastic diffraction from the
YAG substrate [54]. (b) The XMCD spectra and their integral
for the Pt L3- and L2-edges of the Pt/YIG sample. The blue
(red) arrow indicates the negative (positive) XMCD signal at
the Pt L3-edge (L2-edge). The inset to (b) shows the XMCD
spectra for the Pt L3-edge of the Pt/YIG sample measured
at H = ± 50 kOe, where the blue arrows indicate the XMCD
signal. In (b), the XMCD spectra for the Pt L3-edge of the
Pt/YAG sample are also plotted.
Figure 3(b) shows the XMCD spectra for the Pt/YIG
sample at T = 5.5 K and H = 50 kOe. We observed
small but finite XMCD signals with a negative sign at
the L3-edge (11568 eV) and with a positive sign at the
L2-edge (13280 eV). The sign of the XMCD signal was
found to be reversed by reversing the H direction [see
the inset to Fig. 3(b)]. These results confirm that the
4observed XMCD signals are of magnetic origin; the Pt
film on YIG is slightly magnetized under such a high
field and the M direction of the Pt responds to the H
direction.
Importantly, the XMCD intensity relative to the XAS
edge jump at H = 50 kOe for the Pt/YIG sample
(∼ 5 × 10−3) is several times greater than that for the
Pt/YAG sample (∼ 1×10−3) [Fig. 3(b)] and a Pt foil (∼
1× 10−3) [56]. The result indicates that, due to the YIG
contact, the Pt film acquires magnetic moments greater
than the Pauli paramagnetic moments [52, 56, 57]. By
XMCD sum-rule analysis [58, 59], the averaged Pt mag-
netic moment per Pt atom in the whole volume of the
Pt film on YIG at H = 50 kOe was estimated to be
mtot = morb+m
eff
spin = 0.0212±0.0015 µB, where morb =
0.0017± 0.0006 µB and m
eff
spin = 0.0195± 0.0014 µB are
the orbital and effective spin magnetic moments per Pt
atom, respectively (see Appendix).
To clarify the H dependence of the magnetic moments
in the Pt film on YIG, we measured the element-specific
magnetization (ESM) curve at the Pt L3-edge for the
same Pt/YIG sample at T = 5.5 K (see Fig. 4). Im-
portantly, the magnitude of the XMCD signal was ob-
served to increase gradually and almost linearly with H .
This behavior cannot be explained by the Pt ferromag-
netism induced by the magnetic proximity effect, since
the XMCD signal due to the proximity-induced Pt fer-
romagnetism, if it exists, reflects the M -H curve of the
YIG substrate surface and the M of the YIG saturates
at around H = 2 kOe [see Fig. 1(a)] [60]. Significantly,
the slope of the XMCD signal with respect to H for the
Pt/YIG sample was found to be 5.7 times greater than
that for the Pt foil where only the Pauli paramagnetism
of Pt appears (see Fig. 4). The result shows that the
large XMCD slope observed in the Pt/YIG sample can-
not be explained also by the simple Pauli paramagnetic
moments.
The above ESM results suggest that the Pt film on
YIG acquires paramagnetic moments greater than the
Pauli paramagnetic moments under such high magnetic
fields. In the following, we discuss a possible origin of
the induced moments. In general, induced Pt magnetic
moments in a Pt/ferromagnet interface are attributed
to direct interaction between 5d-electrons in the Pt and
spin-polarized electrons in the ferromagnet [50], and thus
theM -H (ESM) curve for the induced magnetic moment
in the Pt reflects the magnetization process of the mag-
net which is coupled to the Pt [39]. This indicates that
the large paramagnetic moments observed in the Pt/YIG
sample may originate from magnetic coupling between
Pt and interfacial magnetic moments at the Pt/YIG in-
terface whose magnetization process exhibits the para-
magnetic behavior. The followings are possible candi-
dates which may explain the appearance of such inter-
facial magnetic moments: (1) interdiffusion of ions and
alloying at the Pt/YIG interface; (2) local amorphous
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FIG. 4: The ESM curve at the Pt L3-edge of the Pt/YIG sam-
ple at T = 5.5 K and the fixed photon energy of 11568 eV,
where the blue dots and blue solid line represent the exper-
imental data and the linear-fitting result, respectively. The
XMCD data at the Pt L3-edge of the Pt/YAG sample (gray
circle), estimated from Fig. 3(b), and of a Pt foil at T = 10 K
(gray dashed line), taken from Ref. 56, are also plotted.
The inset shows the magnified view of the ESM curve of the
Pt/YIG sample in the low-H range (|H | < 5 kOe). The
XMCD values of the vertical axes are multiplied by −1 for
clarity, since the sign of the XMCD signal at the Pt L3-edge
is negative [see Fig. 3(b)]
structures of the YIG surface, which were proposed to
exhibit magnetic properties different from the YIG bulk
[62, 63]; (3) Y, Fe, and O vacancies of the YIG surface
[61, 63, 64]; and (4) unintentional formations of free Fe
ions on the YIG surface [41]. Future detailed studies on
magnetic properties of the Pt/YIG interface are desir-
able for full understanding of the origin of the observed
paramagnetic behavior in Pt. Furthermore, the relevance
between the Pt paramagnetic moments and the cluster-
like-growth film structure [Fig. 1(c)] and possible cluster-
size dependence of the Pt paramagnetic moment densities
are issues to be addressed by experimental and theoreti-
cal approaches.
Finally, we comment on the relevance between the in-
duced paramagnetic moments and the unconventional
Hall effect under high magnetic fields observed in Pt/YIG
systems. We found that the gradual increasing behavior
of the induced Pt paramagnetic moments with H shown
in Fig. 4 is similar to that of the Hall effect in the
Pt/YIG systems at high magnetic fields and low tem-
peratures [25, 26, 28], suggesting that the paramagnetic
moments are relevant to the Hall effect. It has been re-
ported that, if paramagnetic moments exist in a con-
ductor, they induce anomalous Hall effects due to the
skew-scattering mechanism [42–47]. This suggests that
the unconventional Hall effect under high magnetic fields
in the Pt/YIG systems can be attributed to the induced
paramagnetic moments. This scenario is supported also
by the recent reports by Miao et al. [25, 28]. They re-
5ported that the Hall effect in the Pt/YIG systems un-
der high magnetic fields is well consistent with that in a
diluted-Fe-doped Pt film and a pure Pt film on a diluted-
Fe-doped SiO2 film [25, 28], where Fe impurities exhibit
a paramagnetic behavior in Pt [65–71], suggesting a role
of the induced paramagnetic moments in the mechanism
of the unconventional Hall effects in the Pt/YIG systems.
IV. CONCLUSION
In this study, we estimated the magnetic moments
in an ultra-thin Pt film on a ferrimagnetic insulator
Y3Fe5O12 (YIG) at high magnetic fields (up to 50 kOe)
and at low temperatures (5.5 K) by means of X-ray
magnetic circular dichroism (XMCD). We observed an
XMCD signal due to magnetic moments in the Pt film at
the Pt L3- and L2-edges. The measurements of element-
specific magnetization curves at the Pt L3-edge reveal
unconventional paramagnetic moments of which the in-
tensity is greater than that expected from the Pauli para-
magnetism of Pt. Our experimental results reported here
provide an important clue in unraveling the nature of the
unconventional Hall effects observed in Pt/YIG systems
at high magnetic fields and low temperatures.
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APPENDIX: XMCD SUM RULE ANALYSIS
We estimate the average orbital, effective spin, and to-
tal magnetic moments, morb, m
eff
spin, and mtot, per Pt
atom in the whole volume of the Pt film on YIG from
the integrated XAS and XMCD spectra by using the fol-
lowing sum rules [58, 59]:
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FIG. 5: [(a) and (b)] The normalized XAS for the (a) Pt
L3-edge and (b) Pt L2-edge of the Pt/YIG sample. [(c) and
(d)] The normalized XAS for the (c) Pt L3-edge and (d) Pt
L2-edge of the Pt foil. The horizontal axes are shifted with
respect to the energy at the inflection point E0 for the Pt
spectra. In (a) and (b) [(c) and (d)], the XAS for the Au
L3- and L2-edges of the Au foil and difference in the XAS
between the Pt/YIG sample (Pt foil) and Au foil are also
plotted, where the energy scale of the Au XAS is expanded by
a factor of 1.07 to take into account the difference in the lattice
constant between Pt and Au [72] and is shifted in energy on
the basis of the oscillation structures in the EXAFS region of
the Pt spectra.
morb = −
2
3
∆IL3 +∆IL2
IL3 + IL2
nhµB, (1)
meffspin = −
∆IL3 − 2∆IL2
IL3 + IL2
nhµB, (2)
where IL3 (IL2) is the XAS integral summed over the
Pt L3-edge (L2-edge) after subtracting the contribution
coming from electron transitions to the continuum, ∆IL3
(∆IL2) is the integral of the XMCD spectra for the Pt
L3-edge (L2-edge), nh is the number of holes in the Pt
5d band, and µB is the Bohr magneton. We first calcu-
late the value of the XAS integral r = IL3 + IL2 for the
Pt/YIG sample. To remove the X-ray absorption due to
the electron transitions to the continuum, we subtract
the XAS of an Au foil from those of the Pt film accord-
ing to the method proposed in Refs. 52, 56, and 72. To
do this, the energy scale of the XAS of the Au foil was
expanded by a factor of 1.07 to take into account the
difference in the lattice constant between Pt and Au and
to align in energy with that of the Pt film. The XAS
6of the Au foil is normalized to the edge jump (see Fig.
5). The area differences between the Pt-film and Au-
foil spectra for both the L3- and L2-edges, i.e., the blue
dashed curves in Figs. 5(a) and 5(b), were integrated
between −20 eV ≦ E − E0 ≦ 20 eV, where E0 is the
energy at the inflection point of the Pt XAS. As a result,
the XAS integral for the Pt/YIG sample was estimated
to be r = 10.2 eV. The absolute value of nh for the Pt
film on YIG was calculated following the methodology
described in Ref. 56. First, we determined the scal-
ing factor C−1 = n˜h/rPt−foil = 0.112 holes/eV, where
n˜h = n
Pt
h − n
Au
h = 0.98 is the difference between the
5d holes of the Pt metal nPth (= 1.73) and the Au metal
nAuh (= 0.75). rPt−foil = 8.72 eV is the XAS-integral value
estimated from the XAS of the Pt foil [Figs. 5(c) and
5(d)]. Second, we calculated the nh value of the Pt film
as nh = n
Au
h + C
−1r = 1.89. Using the estimated r =
IL3 + IL2 , nh, and the integrals of the XMCD spectra for
the Pt L3- and L2-edges (∆IL3 and ∆IL2) [see Fig. 3(b)],
the orbital and effective spin magnetic moments were re-
spectively determined to be morb = 0.0017± 0.0006 µB
and meffspin = 0.0195 ± 0.0014 µB from Eqs. (1) and
(2). This result leads to the total magnetic moment of
mtot = morb + m
eff
spin = 0.0212 ± 0.0015 µB. We note
that the derived magnetic moments should be regarded
as the values averaged over the whole volume of the Pt
layer, since the XMCD gives a mean polarization of the
Pt film.
∗ Electronic address: t.kikkawa@imr.tohoku.ac.jp
† Present address: School of Materials Science, Japan Ad-
vanced Institute of Science and Technology, Ishikawa 923-
1292, Japan.
[1] Y. Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida,
M. Mizuguchi, H. Umezawa, H. Kawai, K. Ando, K.
Takanashi, S. Maekawa, and E. Saitoh, Transmission of
electrical signals by spin-wave interconversion in a mag-
netic insulator, Nature 464, 262 (2010).
[2] A. V. Chumak, V. I. Vasyuchka, A. A. Serga, and B.
Hillebrands, Magnon spintronics, Nat. Phys. 11, 453
(2015).
[3] H. Nakayama, M. Althammer, Y.-T. Chen, K. Uchida, Y.
Kajiwara, D. Kikuchi, T. Ohtani, S. Gepra¨gs, M. Opel,
S. Takahashi, R. Gross, G. E. W. Bauer, S. T. B. Goen-
nenwein, and E. Saitoh, Spin Hall magnetoresistance in-
duced by a nonequilibrium proximity effect, Phys. Rev.
Lett. 110, 206601 (2013).
[4] C. Hahn, G. de Loubens, O. Klein, M. Viret, V. V.
Naletov, and J. Ben Youssef, Comparative measurements
of inverse spin Hall effects and magnetoresistance in
YIG/Pt and YIG/Ta, Phys. Rev. B 87, 174417 (2013).
[5] M. Althammer, S. Meyer, H. Nakayama, M. Schreier,
S. Altmannshofer, M. Weiler, H. Huebl, S. Gepra¨gs, M.
Opel, R. Gross, D. Meier, C. Klewe, T. Kuschel, J.-M.
Schmalhorst, G. Reiss, L. Shen, A. Gupta, Y.-T. Chen,
G. E. W. Bauer, E. Saitoh, and S. T. B. Goennenwein,
Quantitative study of the spin Hall magnetoresistance
in ferromagnetic insulator/normal metal hybrids, Phys.
Rev. B 87, 224401 (2013).
[6] N. Vlietstra, J. Shan, V. Castel, J. Ben Youssef, G.
E. W. Bauer, and B. J. van Wees, Exchange magnetic
field torques in YIG/Pt bilayers observed by the spin-
Hall magnetoresistance, Appl. Phys. Lett. 103, 032401
(2013).
[7] A. Hamadeh, O. d’Allivy Kelly, C. Hahn, H. Meley, R.
Bernard, A. H. Molpeceres, V. V. Naletov, M. Viret,
A. Anane, V. Cros, S. O. Demokritov, J. L. Prieto, M.
Mun˜oz, G. de Loubens, and O. Klein, Full control of the
spin-wave damping in a magnetic insulator using spin-
orbit torque, Phys. Rev. Lett. 113, 197203 (2014).
[8] L. J. Cornelissen, J. Liu, R. A. Duine, J. Ben Youssef, and
B. J. van Wees, Long-distance transport of magnon spin
information in a magnetic insulator at room temperature,
Nat. Phys. 11, 1022 (2015).
[9] K. Uchida, J. Xiao, H. Adachi, J. Ohe, S. Takahashi, J.
Ieda, T. Ota, Y. Kajiwara, H. Umezawa, H. Kawai, G.
E. W. Bauer, S. Maekawa, and E. Saitoh, Spin Seebeck
insulator, Nat. Mater. 9, 894 (2010).
[10] T. Kikkawa, K. Uchida, Y. Shiomi, Z. Qiu, D. Hou, D.
Tian, H. Nakayama, X.-F. Jin, and E. Saitoh, Longitu-
dinal spin Seebeck effect free from the proximity Nernst
effect, Phys. Rev. Lett. 110, 067207 (2013).
[11] G. E. W. Bauer, E. Saitoh, and B. J. van Wees, Spin
caloritronics, Nat. Mater. 11, 391 (2012).
[12] S. R. Boona, R. C. Myers, and J. P. Heremans, Spin
caloritronics, Energy Environ. Sci. 7, 885 (2014).
[13] K. Uchida, H. Adachi, T. Kikkawa, A. Kirihara, M.
Ishida, S. Yorozu, S. Maekawa, and E. Saitoh, Thermo-
electric generation based on spin Seebeck effects, Proc.
IEEE 104, 1946 (2016)., ibid. 104, 1499 (2016).
[14] Y. Tserkovnyak, A. Brataas, G. E. W. Bauer, and B. I.
Halperin, Nonlocal magnetization dynamics in ferromag-
netic heterostructures, Rev. Mod. Phys. 77, 1375 (2005).
[15] A. Azevedo, L. H. Vilela-Lea˜o, R. L. Rodr´ıguez-Sua´rez,
A. B. Oliveira, and S. M. Rezende, dc effect in ferromag-
netic resonance: Evidence of the spin-pumping effect?, J.
Appl. Phys. 97, 10C715 (2005).
[16] E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, Con-
version of spin current into charge current at room tem-
perature: Inverse spin-Hall effect, Appl. Phys. Lett. 88,
182509 (2006).
[17] M. V. Costache, M. Sladkov, S. M. Watts, C. H. van
der Wal, and B. J. van Wees, Electrical detection of spin
pumping due to the precessing magnetization of a single
ferromagnet, Phys. Rev. Lett. 97, 216603 (2006).
[18] A. Hoffmann, Spin Hall effects in metals, IEEE Trans.
Magn. 49, 5172 (2013).
[19] J. Sinova, S. O. Valenzuela, J. Wunderlich, C. H. Back,
and T. Jungwirth, Spin Hall effects, Rev. Mod. Phys. 87,
1213 (2015).
[20] M. A. Gilleo and S. Geller, Magnetic and crystallographic
properties of substituted yttrium-iron garnet, 3Y2O3 ·
xM2O3·(5−x)Fe2O3, Phys. Rev. 110, 73 (1958).
[21] K. Uchida, T. Kikkawa, A. Miura, J. Shiomi, and E.
Saitoh, Quantitative temperature dependence of longi-
tudinal spin Seebeck effect at high temperatures, Phys.
Rev. X 4, 041023 (2014).
[22] R. Metselaar and P. K. Larsen, High-temperature electri-
cal properties of yttrium iron garnet under varying oxy-
gen pressures, Solid State Commun. 15, 291 (1974).
7[23] S. Y. Huang, X. Fan, D. Qu, Y. P. Chen, W. G. Wang, J.
Wu, T. Y. Chen, J. Q. Xiao, and C. L. Chien, Transport
magnetic proximity effects in platinum, Phys. Rev. Lett.
109, 107204 (2012).
[24] S. Shimizu, K. S. Takahashi, T. Hatano, M. Kawasaki,
Y. Tokura, and Y. Iwasa, Electrically tunable anomalous
Hall effect in Pt thin films, Phys. Rev. Lett. 111, 216803
(2013).
[25] B. F. Miao, S. Y. Huang, D. Qu, and C. L. Chien, Phys-
ical origins of the new magnetoresistance in Pt/YIG,
Phys. Rev. Lett. 112, 236601 (2014).
[26] Y. Shiomi, T. Ohtani, S. Iguchi, T. Sasaki, Z. Qiu,
H. Nakayama, K. Uchida, and E. Saitoh, Interface-
dependent magnetotransport properties for thin Pt films
on ferrimagnetic Y3Fe5O12, Appl. Phys. Lett. 104,
242406 (2014).
[27] S. Meyer, R. Schlitz, S. Gepra¨gs, M. Opel, H. Huebl, R.
Gross, and S. T. B. Goennenwein, Anomalous Hall effect
in YIG|Pt bilayers, Appl. Phys. Lett. 106, 132402 (2015).
[28] B. F. Miao, L. Sun, D. Wu, C. L. Chien, and H. F.
Ding, Magnetic scattering and spin-orbit coupling in-
duced magnetoresistance in nonmagnetic heavy metal
and magnetic insulator bilayer systems, Phys. Rev. B 94,
174430 (2016).
[29] Y.-T. Chen, S. Takahashi, H. Nakayama, M. Althammer,
S. T. B. Goennenwein, E. Saitoh, and G. E. W. Bauer,
Theory of spin Hall magnetoresistance, Phys. Rev. B 87,
144411 (2013).
[30] S. S.-L. Zhang and G. Vignale, Nonlocal anomalous Hall
effect, Phys. Rev. Lett. 116, 136601 (2016).
[31] D. Qu, S. Y. Huang, J. Hu, R. Wu, and C. L. Chien,
Intrinsic spin Seebeck effect in Au/YIG, Phys. Rev. Lett.
110, 067206 (2013).
[32] Y. M. Lu, Y. Choi, C. M. Ortega, X. M. Cheng, J. W.
Cai, S. Y. Huang, L. Sun, and C. L. Chien, Pt magnetic
polarization on Y3Fe5O12 and magnetotransport charac-
teristics, Phys. Rev. Lett. 110, 147207 (2013).
[33] G. Y. Guo, Q. Niu, and N. Nagaosa, Anomalous Nernst
and Hall effects in magnetized platinum and palladium,
Phys. Rev. B 89, 214406 (2014).
[34] H. Ibach and H. Lu¨th, Solid-state physics: an introduc-
tion to principles of materials science (Springer, Berlin,
2009).
[35] L. F. Mattheiss and R. E. Dietz, Relativistic tight-
binding calculation of core-valence transitions in Pt and
Au, Phys. Rev. B 22, 1663 (1980).
[36] E. Tamura, J. van Ek, M. Fro¨ba, and J. Wong, X-ray
absorption near edge structure in metals: Relativistic ef-
fects and core-hole screening, Phys. Rev. Lett. 74, 4899
(1995).
[37] A. Vlachos, V. Kapaklis, M. Angelakeris, E. Th. Pa-
paioannou, F. Wilhelm, A. Rogalev, and P. Poulopou-
los, Induced magnetic moments of 4d and 5d elements
in thin films and multilayers by X-ray magnetic circular
dichroism, J. Surf. Interfac. Mater. 2, 8 (2014).
[38] M. Suzuki, H. Muraoka, Y. Inaba, H. Miyagawa, N.
Kawamura, T. Shimatsu, H. Maruyama, N. Ishimatsu,
Y. Isohama, and Y. Sonobe, Depth profile of spin and
orbital magnetic moments in a subnanometer Pt film on
Co, Phys. Rev. B 72, 054430 (2005).
[39] A. I. Figueroa, J. Bartolome´, L. M. Garc´ıa, F. Bartolome´,
O. Buna˘u, J. Stankiewicz, L. Ruiz, J. M. Gonza´lez-
Calbet, F. Petroff, C. Deranlot, S. Pascarelli, P. Bencok,
N. B. Brookes, F. Wilhelm, A. Smekhova, and A. Ro-
galev, Structural and magnetic properties of granular Co-
Pt multilayers with perpendicular magnetic anisotropy,
Phys. Rev. B 90, 174421 (2014).
[40] T. Kuschel, C. Klewe, J.-M. Schmalhorst, F. Bertram, O.
Kuschel, T. Schemme, J. Wollschla¨ger, S. Francoual, J.
Strempfer, A. Gupta, M. Meinert, G. Go¨tz, D. Meier, and
G. Reiss, Static magnetic proximity effect in Pt/NiFe2O4
and Pt/Fe bilayers investigated by X-ray resonant mag-
netic reflectivity, Phys. Rev. Lett. 115, 097401 (2015).
[41] T. Lin, C. Tang, and J. Shi, Induced magneto-transport
properties at palladium/yttrium iron garnet interface,
Appl. Phys. Lett. 103, 132407 (2013).
[42] N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and
N. P. Ong, Anomalous Hall effect, Rev. Mod. Phys. 82,
1539 (2010).
[43] A. Fert and O. Jaoul, Left-right asymmetry in the scat-
tering of electrons by magnetic impurities, and a Hall
effect, Phys. Rev. Lett. 28, 303 (1972).
[44] A. Fert and A. Hamzic´, Hall effect from skew scatter-
ing by magnetic impurities, in The Hall Effect and Its
Applications, edited by C. L. Chien and C. B. Westgate
(Plenum Press, New York, 1980).
[45] A. Hamzic´, S. Senoussi, I. A. Campbell, and A. Fert,
Orbital magnetism of transition metal impurities in plat-
inum, J. Magn. Magn. Matter. 15-18, 921 (1980).
[46] A. Fert, A. Friederich, and A. Hamzic´, Hall effect in di-
lute magnetic alloys, J. Magn. Magn. Matter. 24, 231
(1981).
[47] S. R. Shinde, S. B. Ogale, J. S. Higgins, H. Zheng, A. J.
Millis, V. N. Kulkarni, R. Ramesh, R. L. Greene, and T.
Venkatesan, Co-occurrence of superparamagnetism and
anomalous Hall effect in highly reduced cobalt-doped ru-
tile TiO2−δ films, Phys. Rev. Lett. 92, 166601 (2004).
[48] J. Sto¨hr and H. C. Siegmann, Magnetism: From Fun-
damentals to Nanoscale Dynamics (Springer, New York,
2006).
[49] S. W. Lovesey and S. P. Collins, X-ray Scattering and
Absorption by Magnetic Materials (Clarendon, Oxford,
1996).
[50] H. Wende, Recent advances in x-ray absorption spec-
troscopy, Rep. Prog. Phys. 67, 2105 (2004).
[51] T. Nakamura and M. Suzuki, Recent progress of the X-
ray magnetic circular dichroism technique for element-
specific magnetic analysis, J. Phys. Soc. Jpn. 82, 021006
(2013).
[52] A. Rogalev and F. Wilhelm, Magnetic circular dichroism
in the hard X-ray range, Phys. Met. Metallogr. 116, 1285
(2015).
[53] S. Gepra¨gs, S. Meyer, S. Altmannshofer, M. Opel, F.
Wilhelm, A. Rogalev, R. Gross, and S. T. B. Goennen-
wein, Investigation of induced Pt magnetic polarization
in Pt/Y3Fe5O12 bilayers, Appl. Phys. Lett. 101, 262407
(2012).
[54] S. Gepra¨gs, S. T. B. Goennenwein, M. Schneider, F. Wil-
helm, K. Ollefs, A. Rogalev, M. Opel, and R. Gross,
Comment on “Pt magnetic polarization on Y3Fe5O12
and magnetotransport characteristics”, arXiv:1307.4869
(2013).
[55] M. B. Jungfleisch, V. Lauer, R. Neb, A. V. Chumak,
and B. Hillebrands, Improvement of the yttrium iron gar-
net/platinum interface for spin pumping-based applica-
tions, Appl. Phys. Lett. 103, 022411 (2013).
[56] J. Bartolome´, F. Bartolome´, L. M. Garc´ıa, E. Roduner,
Y. Akdogan, F. Wilhelm, and A. Rogalev, Magnetization
8of Pt13 clusters supported in a NaY zeolite: A XANES
and XMCD study, Phys. Rev. B 80, 014404 (2009).
[57] J. Bartolome´, A. I. Figueroa, F. Bartolome´, L. M. Garc´ıa,
F. Wilhelm, and A. Rogalev, d-Band Magnetism of Ag,
Au, Pd and Pt studied with XMCD, Solid State Phe-
nomena 194, 92 (2013).
[58] B. T. Thole, P. Carra, F. Sette, and G. van der Laan,
X-ray circular dichroism as a probe of orbital magnetiza-
tion, Phys. Rev. Lett. 68, 1943 (1992).
[59] P. Carra, B. T. Thole, M. Altarelli, and X. Wang, X-ray
circular dichroism and local magnetic fields, Phys. Rev.
Lett. 70, 694 (1993).
[60] Even at the low-H range comparable to the saturation
field of YIG, we did not observe any clear XMCD sig-
nals which reflect the M -H curve of the YIG substrate
[see the insets to Figs. 1(a) and 4], meaning that there
is no definite evidence of the existence of the Pt ferro-
magnetism [32] in our Pt/YIG sample. Nevertheless we
can evaluate the upper limit of the XMCD intensity due
to the Pt ferromagnetism in our Pt/YIG sample: it is,
if any, ∼ 2 × 10−3 (∼ 0.006 µB/Pt). We note that this
value is ∼ 13 times smaller than that reported in Ref.
32, where the Pt film shows a possible oxidation behavior
[32, 54], but ∼ 2 times greater than that reported in Ref.
54, where the Pt film shows a clean metallic behavior. It
is worth mentioning that the average magnetic moment
per Pt atom in 4 Pt (111) atomic layers adjacent to a
YIG (111) surface is estimated to be 0.03 µB/Pt by the
recent first-principles calculations based on the density
functional theory [61].
[61] X. Liang, Y. Zhu, B. Peng, L. Deng, J. Xie, H. Lu, M.
Wu, and L. Bi, Influence of interface structure on mag-
netic proximity effect in Pt/Y3Fe5O12 heterostructures,
ACS Appl. Mater. Interfaces 8, 8175 (2016).
[62] Y. Saiga, K. Mizunuma, Y. Kono, J. C. Ryu, H. Ono,
M. Kohda, and E. Okuno, Platinum thickness depen-
dence and annealing effect of the spin-Seebeck voltage
in platinum/yttrium iron garnet structures, Appl. Phys.
Express 7, 093001 (2014).
[63] D. Song, L. Ma, S. Zhou, and J. Zhu, Oxygen defi-
ciency induced deterioration in microstructure and mag-
netic properties at Y3Fe5O12/Pt interface, Appl. Phys.
Lett. 107, 042401 (2015).
[64] I. D. Lomako, Relationship between the imperfection
of Y3Fe5O12 garnet samples of different crystallographic
orientations and their physical properties, Crystallogr.
Rep. 56, 385 (2011).
[65] P. P. Craig, D. E. Nagle, W. A. Steyert, and R. D. Tay-
lor, Paramagnetism of Fe impurities in transition metals,
Phys. Rev. Lett. 9, 12 (1962).
[66] T. A. Kitchens, W. A. Steyert, and R. D. Taylor, Local-
ized moments associated with very dilute Fe impurities in
some transition and noble metals, Phys. Rev. 138, A467
(1965).
[67] M. P. Maley, R. D. Taylor, and J. L. Thompson, Spin
value and moment determination for the localized mag-
netic states of very dilute Fe impurities in Pt and Pd, J.
Appl. Phys. 38, 1249 (1967).
[68] L. D. Graham and D. S. Schreiber, Local-moment satu-
ration in a dilute giant-moment alloy, J. Appl. Phys. 39,
963 (1968).
[69] G. J. Nieuwenhuys, B. M. Boerstoel, and W. M. Star,
Spin and g factor of impurities with giant moments in
Pd and Pt, in Low Temperature Physics-LT 13 Vol. 2:
Quantum Crystals and Magnetism, edited by K. D. Tim-
merhaus, W. J. O’Sullivan, and E. F. Hammel (Plenum
Press, New York, 1974).
[70] V. S. Stepanyuk, W. Hergert, K. Wildberger, R. Zeller,
and P. H. Dederichs, Magnetism of 3d, 4d, and 5d
transition-metal impurities on Pd(001) and Pt(001) sur-
faces, Phys. Rev. B 53, 2121 (1996).
[71] T. Herrmannsdo¨rfer, S. Rehmann, W. Wendler, and F.
Pobell, Magnetic properties of highly diluted PdFex and
PtFex-alloys. Part I. Magnetization at Kelvin tempera-
tures, J. Low Temp. Phys. 104, 49 (1996).
[72] W. Grange, M. Maret, J.-P Kappler, J. Vogel, A.
Fontaine, F. Petroff, G. Krill, A. Rogalev, J. Goulon,
M. Finazzi, and N. B. Brookes, Magnetocrystalline
anisotropy in (111) CoPt3 thin films probed by x-ray
magnetic circular dichroism, Phys. Rev. B 58, 6298
(1998).
